The results from an investigation of the coupled Mustang Island-Corpus Christi Bay complex, Gulf of Mexico, shows that the island was eliminated as an effective salinity barrier between 8.86 and 8.17 ka. This event is recorded by a 5-fold increase in dinoflagellate cysts within Corpus Christi Bay. During this time, the bay-head delta shifted 15 km landward and oyster reefs within the bay died off. Our age model indicates that this event most likely resulted from the most rapid period of eustatic rise of the Holocene, which peaked at 8.18-8.31 ka. This event is attributed to late-stage ice sheet disintegration, particularly in North America, by the rapid draining of Lake Agassiz-Ojibway. Local glacial-isostatic factors resulted in a sea-level rise of only 0.2-0.56 m in the western Gulf of Mexico, which was less than needed to submerge the barrier. Rather, it was the marked nature of this sea-level rise that led to the virtual destruction of Mustang Island as an effective salinity barrier. These results provide an analog for predicting coastal morphodynamic response to accelerated sea-level rise and emphasize the need for better understanding of barrier response to sea-level rise and developing improved numerical models for predicting future changes to coastal barrier shorelines.
Introduction
Many wave-dominated passive margins of the world have coastlines dominated by barrier islands and peninsulas associated with back-barrier bays. The past and future stability of these coupled barrier-bay systems is strongly connected, as both are highly sensitive to the variations in the rate of relative sea-level rise.
Sea-level curves for the western Gulf of Mexico show an average late-Holocene rate of rise between 0.4 and 0.6 mm/yr ( Figure  1 ; Livsey and Simms, 2013; Milliken et al., 2008; Törnqvist et al., 2004b ). This rate is based, in part, on basal peat ages in locations where the role of subsidence is believed to be minimal (Törnqvist et al., 2004a (Törnqvist et al., , 2004b (Törnqvist et al., , 2006 . Other sea-level data used by and Livsey and Simms (2013) and shown in Figure 1 exhibit variability that is considered to be because of localized subsidence variations and subtle differences in glacial-isostatic adjustments across the region (Simms et al., 2007) . Regardless of this variability, modern rates of rise are as much as an order of magnitude higher than the late-Holocene rate and reflect the globally recognized increase in eustatic rise (Church et al., 2013) and anthropogenic influences such as subsurface fluid extraction (Kolker et al., 2011) . The rate of eustatic rise is expected to at least double by 2100 (Bamber and Aspinall, 2013; Church et al., 2013; Törnqvist and Hijma, 2012) . Indeed, current retreat of the Antarctic Ice Sheet alone because of ocean and atmospheric warming is projected to cause >1 m of global sea-level rise by the end of the century and, according to new modeling efforts, as much as 15 m over the next 500 years (DeConto and Pollard, 2016) . Given what is known about ice sheet behavior, it is possible that future sea-level rise will be punctuated by pulses of rapid rise caused by mass wasting of individual ice streams (e.g. Feldmann and Levermann, 2015) .
Throughout the early and middle Holocene, North Atlantic and Gulf of Mexico coastlines retreated in response to sea-level rise by stepping landward. In east Texas, this style of coastal evolution has been attributed to episodic sea-level rise (Thomas and Anderson, 1994) , which is supported by the apparently contemporaneous nature of flooding events within different bays (Anderson et al., 2014; Rodriguez et al., 2010) . This is in stark contrast to the Mustang Island and Corpus Christi Bay complex of central Texas, which has experienced only minor landward migration during the Holocene (Shideler, 1986; Simms et al., 2006) . Improved understanding of how coupled barrier-bay systems respond to changes in sea-level rise can be gained by studying the evolution of these systems during the Holocene, when rates of rise varied by more than an order of magnitude, and particularly the early Holocene when rates were similar to those of the present and to predicted future rates (Figure 1) . However, few studies have examined how coupled barrier and back-barrier systems responded to past variations in the rate of sea-level rise. Here, we present new results from a study of Corpus Christi Bay, which is situated landward of Mustang Island (Figure 2 ). To our knowledge, it is the oldest barrier island in Texas, having existed near its current location since ~9.5 ka (Anderson et al., 2014; Simms et al., 2006) . The island's early formation and stable shoreline position throughout most of the Holocene make Mustang Island and Corpus Christi Bay an ideal candidate for yielding an extended record of how changes in the rate of sea-level rise affect coupled barrier island and bay systems. Our results indicate at least one episode of significant morphodynamic change in this bay-barrier complex during the Holocene. We further assess the magnitude and cause of this event.
Regional setting and background
Corpus Christi Bay is a moderate-sized bay located along Texas' central coast with a surface area of roughly 434 km 2 (Figure 2) . The bay is a shallow microtidal estuary typical of other Texas bays, with an average depth of 3-4 m and an inner shelf slope of 0.85 m/km (NOAA, 2017). The 525-km-long Nueces River is the bay's largest input of both freshwater and sediment, providing 6.3 × 10 8 m 3 /yr of water and 750,000 tons/yr of sediment before installation of the Nueces basin dams (constructed in 1958 and 1982; Henley and Rauschuber, 1981; Simms et al., 2008) . The bay is isolated from the Gulf of Mexico by Mustang Island, with the only modern connection between the Gulf and the bay being Aransas Pass, a tidal inlet located at the northern end of the island (Figure 2) . The island overlies a 38-m deep Pleistocene-Holocene unconformity cut by the Nueces River Marine Isotope Stage (MIS) 2 incised valley (Shideler, 1986; Simms et al., 2006) . The island's location overlying the submerged valley of the Nueces River, combined with a steep regional offshore profile and relatively high sand supply to the island, has stabilized the shoreline throughout the Holocene (Simms et al., 2006) . However, the island's location above the valley also contributes to local subsidence, which is on average higher over ancestral river valleys because of compaction of relatively thick Holocene sediments that fill these valleys (Anderson et al., 2014) . The nearest longterm tide gauge record is at Rockport, TX, which is located to the west and outside the Nueces River valley. At this location, the historical relative sea-level rise has been 5.52 mm/yr (Paine et al., 2016) , so the rate of relative sea-level rise at Mustang Island is expected to be higher.
Methods

Radiocarbon and age model
A 21-m-long drill core (CCB02-01) was selected for palynological analysis because of its location in central Corpus Christi Bay and its well-dated sedimentary record based on nine radiocarbon ages (Simms et al., 2008) . The events recorded in this core are tied to changes elsewhere within the bay using the detailed stratigraphic framework of Simms et al. (2008;  Figure 3 ).
See Simms et al. (2008) for more detailed core descriptions and for radiocarbon ages from other drill sites used to correlate flooding surfaces between these sites.
Depths were related to ages using the Bchron package Parnell et al., 2008) for R, and plots were made using SigmaPlot ® software. Bchron includes the Marine13 calibration curve (Reimer et al., 2013) , assumes a monotonic sedimentation rate, and generates several complete chronologies that take into account the uncertainty associated with our radiocarbon dates . These chronologies are reported at the 2.5%, 10%, 50%, 90%, and 97.5% quantiles of the generated probability distribution function for the core, which provide minimum and maximum age estimates for our marine events (MEs; ME1-7) within a 95% confidence interval (Table 1 ). The dates within the text are reported at the Bchron 50% quantile. Simms et al. (2008) originally used a radiocarbon reservoir correction of 760 14 C a based on one paired wood-barnacle date. This reservoir is much larger than other reservoirs found within estuaries in the region (Aten, 1983; Törnqvist et al., 2015) . Rice (2015) revisited this reservoir by obtaining an additional paired wood-bivalve radiocarbon age from the upper reaches of the Corpus Christi Bay system and found a reservoir age of 365 ± 40 14 C a. Törnqvist et al. (2015) suggests that a reservoir correction of 500 ± 300 14 C a is the most realistic for estuarine carbonates in the Gulf of Mexico; this corresponds to a ΔR of 100 ± 300 14 C, which was used in this study. The text in bold are the figures actually used within the text of the paper. It is to emphasize that the Bchron 50% numbers are always referred to in the text.
Sampling and palynological processing
Sixty-eight samples were collected at 10-20 cm intervals (based on availability and selection of fine grain sediment) for analysis. Samples were chemically processed by Global GeoLab using standard laboratory procedures (Brown, 2008) . Each dry sample was weighed before processing (~9 g each), and a known quantity of Lycopodium spores was added to determine concentration values (cysts/g). A minimum of 300 identifiable palynomorphs were tabulated for each sample when available to ensure accurate paleo-environmental representation.
Results Simms et al. (2008) conducted a detailed study of the Holocene evolution of Corpus Christi Bay using an extensive grid of seismic data and sediment cores and a robust radiocarbon chronology consisting of 48 radiocarbon ages. Their results were later augmented with magnetic chronology (Simkins et al., 2012; Simms et al., 2008) . Mustang Island was studied using 11 drill cores that penetrated the barrier and 15 radiocarbon ages (Simms et al., 2006) . Simms et al. (2008) identified four flooding surfaces (landward shifts in bay and back-barrier sedimentary facies) within Corpus Christi Bay (Figure 3 ). The oldest of these surfaces (FS1) marks the initial flooding of the Nueces River valley at ~9.6 ka, which was followed by a period of relative stability that lasted until ~8.0 ka (FS2) when the Nueces bay-head delta shifted landward, coincident with a landward shift in proximal washover and tidal delta deposits in cores CCB02-03 and CCB02-04 (Figure 3 ; Simms et al., 2008) . Two additional flooding events (FS3 and FS4) occurred during the late Holocene, after the rate of sea-level rise had slowed to between 0.4 and 0.6 mm/yr (Figure 1 ; ). This investigation aims at assessing the cause, magnitude, and duration of these flooding events using fossil dinoflagellate cysts to measure salinity variations within the bay and our updated age model. Core CCB02-01 was selected for this study because of its location in central Corpus Christi Bay and its well-dated sedimentary record based on 9 radiocarbon ages (Simms et al., 2008) . Furthermore, the events recorded in this core are tied to changes elsewhere within the bay using the detailed stratigraphic framework of Simms et al. (2008) and Simkins et al. (2012) , (Figure  3 ). Seven marine incursion events (ME) were identified in the studied 21-m section (Figure 4 ). The first (ME1), which occurred at 10.15 ka, is the most subtle and represents the initial marine incursion of the Nueces incised valley and birth of Corpus Christi Bay. The dinoflagellate assemblage includes the first appearance datum (FAD) of Polysphaeridium zoharyi, designating a near to full marine sea surface salinity (SSS) of 28.4-39.4 psu based on known SSS ranges (Zonneveld et al., 2013) . Continuous presence of dinoflagellate cysts following this first ME indicates that the bay has since been at least partially connected to the Gulf of Mexico, with ME1 roughly coincident with the oldest coastal sands in sediment cores from Mustang Island (Simms et al., 2006) and oldest marine flooding surface observed in seismic sections and cores from the southern portion of the bay (FS1; Simms et al., 2008) . Subsequent MEs were identified as peaks in dinoflagellate concentrations that exceeded the core mean concentration (Figure 4) .
Overall dinoflagellate cyst relative abundance remained low from 10.15 until 8.86 ka (Figure 4) . The presence of Spiniferites spp., Operculodinium centrocarpum., and Lingulodinium machaerophorum indicates a productive environment with euryhaline conditions (Warny et al., 2003; Warny and Wrenn, 2002; Zonneveld et al., 2013) . Polysphaeridium zoharyi, which dominates the dinoflagellate record in the bay, is a common coastal/ nearshore species and indicates constant warm surface water conditions (Warny et al., 2003; Warny and Wrenn, 2002; Zonneveld et al., 2013) .
Dinoflagellate concentrations increased from 8.86 to 8.18 ka, with a maximum value at 8.38 ka (ME2; Figure 4) . Polysphaeridium zoharyi dominates this assemblage. Following ME2, dinoflagellate cysts declined below the core mean until ME3 at 6.89 ka. This was followed by four smaller events ending at 2.49 ka, after which dinoflagellate concentrations have remained below the core mean.
Four of our palynologically identified MEs occur within 120 cm of flooding surfaces previously identified using combined high-resolution seismic data and drill cores (Simms et al., 2008 ; Figures 3 and 4) . The revised ages of these surfaces were estimated by the Bchron model as 10.20, 8.86, 5.49, and 3.62 ka (FS1-4; Table 2 ). Our dinoflagellate cyst data record additional flooding events that were not recognized using the coupled seismic-stratigraphy dataset.
Discussion
The ME2 event is the most significant dinoflagellate cyst event, with a fivefold increase in dinoflagellate concentrations ( Figure  4 ). Lithologic evidence from drill cores in Corpus Christi Bay indicates that the Nueces bay-head delta experienced a landward shift of approximately 15 km during this event (Simms et al., 2008) . Impact on the bay ecosystem is marked by widespread destruction of seismically imaged oyster reefs and by dramatic shifts in bay environments (Goff et al., 2015; Simms et al., 2006) . These combined results indicate that the island was not an effective barrier to marine influence during the ME2 event. Since the ME2 event, dinoflagellate cyst concentrations in the bay have varied, but never reached levels greater than one-sixth of the ME2 event.
Our age model indicates that the ME2 event most likely resulted from the most rapid eustatic rise of the Holocene (Barber et al., 1999; Rodriguez et al., 2010; Simkins et al., 2012; Simms et al., 2008; Törnqvist and Hijma, 2012) , which peaked at 8.18-8.31 ka. Coastal areas around the world, including southwest Scotland (Lawrence et al., 2016) , the Rhine-Meuse Delta (Törnqvist and Hijma, 2012) , and several bay-head deltas of the Gulf of Mexico (Rodriguez et al., 2010; Törnqvist and Hijma, 2012) show evidence of flooding at this time with differences among them because of local glacial-isostatic factors (Kendall et al., 2008) . This event is attributed to late-stage ice sheet disintegration, particularly in North America, by rapid draining of Lake Agassiz-Ojibway (Kendall et al., 2008; Törn-qvist and Hijma, 2012) . The magnitude of sea-level rise during the 8.2-ka event is estimated to have been between 0.2 and 0.56 m in the western Gulf of Mexico (Li et al., 2012) and occurred when the long-term average rate of sea-level rise was 4.2 mm/yr (Figure 1 ; . The elevation of Mustang Island during this event is unknown, but a minimum elevation of 1.0 m is assumed, based on the elevations of modern coastal barriers of Texas. Thus, the island was not simply drowned in place. This is consistent with the results from field studies (e.g. Wallace and Anderson, 2013) and numerical modeling (e.g. Lorenzo-Trueba and Ashton, 2014) which indicate that barrier islands respond more actively to sea-level rise than by drowning in place. Rather, the rate and magnitude of change depend on a number of factors and their relative influence is still poorly understood (Lorenzo-Trueba and Ashton, 2014; Moore et al., 2010) . This explains the highly variable response of the coastal barriers of the western Gulf Coast to past and current changes in the rate of sea-level rise (Anderson et al., 2014) .
In all the Texas bays that have been studied in detail, the associated FS2 flooding surface manifests itself in sediment cores most prominently as a sharp contact separating bay-head delta from overlying open-bay sediments Rodriguez et al., 2010; Troiani et al., 2011) , implying rapid shifts in these environments. However, our dinoflagellate data and age model indicate that the bay experienced anomalous salinities for nearly five centuries, culminating in open marine salinities (Figure 4) . This implies that removal of Mustang Island as an effective salinity barrier was a prolonged process. Likewise, it took between two and three centuries for the bay to return to its normal estuarine conditions (Figure 4) .
The current rate of relative sea-level rise in the western Gulf of Mexico has accelerated from a late-Holocene average rate of 0.5 mm/yr to a modern rate that is on average an order of magnitude faster. The current rate approaches that of the early-Holocene average rate of 4.2 mm/yr. This implies that the acceleration of sea-level rise in historical time has reached the point where Mustang Island and Corpus Christi Bay are again susceptible to change. However, we do not know how the current width and elevation of the island compare to its early-Holocene state, or how other factors that control barrier stability have changed. (Simms et al., 2008) , using a ΔR of 100 ± 300 14 C and Marine13 (Reimer et al., 2013; Törnqvist et al., 2015) and Bchron for R Parnell et al., 2008) . The 50% quantile age model is shown by the dashed line and is reported within the text; the 2.5% and 97.5% models are also shown as a 95% confidence interval. Error bars show radiocarbon ages at the 1σ and 2σ ranges. Full age model data are reported in Table 1 . (b) Summary diagram showing distribution of dinoflagellate cysts against the 50% quantile age model. White circles indicate sample locations. Marine events (MEs) were determined from dinoflagellate cyst results (CCB02-01, this study), and flooding surfaces (FSs) were converted from CCB02-01 depths reported in Simms et al. (2008) . The average dinoflagellate cyst concentration for core CCB02-01 (2.4 × 10 2 cysts/g) is shaded in blue. (c) Modern DEM of the Corpus Christi Bay (Holcombe et al., 2007) . Black lines show 15 m paleobathymetric contour interpreted for Simms et al. (2006) . ( (Simms et al., 2006) , while NW-SE widths are only representative and have been derived from a modern DEM (Holcombe et al., 2007) . Figure 4 (c)-(f) was prepared using ESRI ArcMap © 10.3 software (http://desktop.arcgis.com/en/arcmap/). What is known is that other narrow, low coastal barriers of the Texas coast, including west Galveston Island, Follets Island, Matagorda Peninsula and South Padre Island, are experiencing unprecedented change (Anderson et al., 2014; Odezulu et al., in press; Wallace and Anderson, 2013) . This suggests that these barriers are susceptible to dramatic change because of accelerated sea-level rise, which is consistent with current high rates of shoreline change in these areas (Paine et al., 2016) . We emphasize the need for improved understanding of those variables that control coastal stability and improved numerical models that predict the response of coastal barriers to accelerated sea-level rise in light of the other factors that regulate their stability. The ME3 through ME7 events occurred during the late Holocene when rates of sea-level rise were slowing and no known meltwater pulses occurred (Livsey and Simms, 2013; Milliken et al., 2008) . Events ME4-7 overlap within error other flooding events within bays which have been studied in the western Gulf Coast (Anderson et al., , 2014 Livsey and Simms, 2016) . These events, as well as ME3, may have resulted from autogenic drivers such as changes in inlet location and area, which may have been triggered by hurricanes, or climate-driven sediment supply changes (e.g. Livsey and Simms, 2016) . While the ME3 through ME7 events were smaller in magnitude relative to the ME2 event, three of them (ME3, ME4, and ME6) lasted for centuries, and collectively they provide a record of barrier-bay instability throughout the middle to late Holocene.
Conclusion
Although coastal barriers are generally believed to be quite resilient, our results show that an abrupt increase in the rate of sea-level rise between 8.86 and 8.17 ka led to the removal of Mustang Island as an effective salinity barrier. This event is recorded by a 5-fold increase in dinoflagellates within Corpus Christi Bay culminating at ~8.38 ka (ME2; Figure 4 ). These results indicate that accelerated, decimeter-scale sea-level rise can lead to dramatic change in coastal barriers and their associated back-barrier bays. Based on our age model, this period of change lasted several centuries. During this time, the Nueces bay-head delta shifted landward approximately 15 km and the bay experienced widespread destruction of oyster reefs (Goff et al., 2015; Simms et al., 2008) . Five additional marine incursions occurred through the Holocene since the ME2 event, but they appear to be regionally confined and are interpreted as having resulted from changes in inlet size and location, likely caused by hurricanes, or regional climate changes such as droughts affecting freshwater input. These events also led to increases in estuarine salinity, three of which had measurable effects for centuries.
The current rate of relative sea-level rise in the western Gulf of Mexico is as much as an order of magnitude greater than the lateHolocene rate and within the range of the overall rate of rise when the ME2 event occurred. There is also increasing concern for punctuated sea-level rise because of the potential for ice stream collapse events this century (Bamber and Aspinall, 2013; Church et al., 2013; DeConto and Pollard, 2016) . There is a need for improved understanding of coastal barrier response to accelerated sea-level rise and for numerical models for predicting future changes in coastal barrier-bay systems.
